Abstract Severe traumatic brain injury (TBI) is an insult severe enough to cause an acute and persistent loss of consciousness with a significant risk of death or disability. Worldwide, it is a leading cause of death, especially for younger people less than 50 years of age. Over the last two decades, we have made significant progress in our understanding of the pathophysiology of TBI. This however has not resulted in substantial improvements in outcome, as the incidence of TBI continues to increase and mortality rates remain relatively unchanged. To better understand the long-term outcome and end points in TBI resuscitation, tools to predict a patient's prognosis becomes essential. In this review, we discuss the role of clinical assessment, as such the Glasgow Coma Scale and the Full Outline of UnResponsiveness Score, neuroimaging, including computed tomography (CT) and MRI, and current research innovations, such as the biomarkers, to predict TBI outcomes. Additionally, we describe the clinical implications of using prognostic models, such as the International Mission on Prognosis and Analysis of Clinical Trials in TBI (IMPACT) database models and the Corticosteroid Randomization after Significant Head Injury (CRASH) trial data models to calculate TBI outcome.
Introduction
Severe traumatic brain injury (TBI) is an insult severe enough to cause an acute and persistent loss of consciousness with a significant risk of death or disability. It is a leading cause of death worldwide, especially for people less than 50 years of age [1] . In the USA, approximately 210-330 patients with TBI are admitted to a hospital per 100,000 population each year [2•] . Thirty-nine percent of these patients with severe TBI die from their injury, and 60 % have major disabilities [2•] . Over the last two decades, significant progress has been made to understand the pathophysiology of TBI. Unfortunately, this has not resulted in substantial improvements in outcome; the incidence of TBI continues to increase, and mortality rates remain relatively unchanged [3] . Our current knowledge of TBI end points of resuscitation can help predict neurologic outcome and may inform targeted therapies to improve mortality and morbidity.
Understanding and attempting to predict a patient's prognosis during the acute TBI resuscitation phase is critical: Such a prognosis can strongly influence clinical decisions and resource planning. In this review, we discuss end points in TBI resuscitation in terms of clinical assessment tools, as such the Glasgow Coma Scale (GCS), and the role of neuroimaging, including computed tomography (CT) and MRI. Additionally, we describe current research innovations, such as the role of biomarkers, and the clinical implications of using prognostic models to predict the outcome of TBI.
Clinical Assessment
There are three basic recovery processes in severe TBI: (1) the emergence of conscious awareness, (2) recovery of higher neuropsychological processing, and (3) the return of functional capacity [4•] . States of TBI can be described from most to least severe as brain death, coma, vegetative state, minimally conscious state, and emergence from minimally conscious state. In contrast to a vegetative state, patients in a minimally conscious state show signs of awareness of self or their environment. These signs however are not performed consistently or reliably. Even after emerging from a minimally conscious state, patients recovering from TBI may have significant neurological impairments, such as motor deficits, myoclonus, dystonia, movement disorders, or aphasia.
The key outcome predictor of TBI has historically been, and arguably continues to be, the physician's clinical assessment of injury severity [5] . Since its introduction in 1974, the GCS has been widely adopted as a simple method to numerically express the clinically observed features of consciousness (Table 1) . Earlier studies from the 1980s found admission GCS score, when combined with age and pupillary response, was more than 80 % accurate in predicting patient outcome as good, defined as no to moderate disability, or poor, defined as severe disability or persistent vegetative state [7, 8] . A systematic review of prognostic factors associated with TBI found strong evidence that the GCS score at admission and the GCS motor score were significant predictors of outcome [9] . A recent multicenter retrospective analysis of 1173 patients with severe TBI found that the GCS score at the time of discharge from the ICU was a statistically significant predictor of 1-year outcome. Patients with a GCS score less than 10 at the time of discharge had a poor chance of a favorable outcome [10•] .
The GCS score however has several limitations: It does not directly assess brain stem response, and the value of verbal and eye scores is irrelevant in patients who are intubated, are aphasic, or have injuries limiting eye movement [4•] . The Full Outline of Unresponsiveness (FOUR) scale attempts to address the limitations of GCS by removing verbal assessment and incorporating brain stem responses and breathing patterns (Table 1) . When calculated at the time of the injury in the acute setting, the FOUR scale showed greater reliability than the GCS in patients with TBI, as described by a prospective observational study that showed a greater inter-rater reliability for the FOUR scale than GCS (FOUR: κ=40.76, p<0.01; GCS: κ=40.59, p<0.0) [11] . However, in terms of longterm outcomes, a prospective study found that the FOUR scale's ability to predict poor functional outcomes at 6 months was equivalent to the GCS [12] .
Neuroimaging
CT scan remains the investigation modality of choice to identify the presence and extent of acute TBI. In the setting of severe TBI, CT findings can show prognostic indicators, such as a midline shift, encroachment of basal cisterns, cerebral infarction, subarachnoid hemorrhage, intraventricular hemorrhage, diffuse injury, and extra-axial hematomas [13] . The widespread use of CT has led neuroimaging to be a key diagnostic modality in severe TBI.
In 1991, the Marshall classification of CT scan findings was devised to link specific CT findings with predictions of mortality. Currently, this classification is the most frequently used prognostic model and the one used to compare against newer models. It incorporates the anatomical nature of the injury to determine the outcome after acute TBI ( Table 2) . Using this classification, the extent of midline shift is the most important predictor of unfavorable outcome [13, 15] .
The Marshall classification has been compared to the newer Rotterdam score, which reweighs the variables in the Marshall score and adds additional variables, such as the presence of intraventricular blood and subarachnoid hemorrhage (Table 3) . One study found the Rotterdam score had a higher capacity to predict outcome, with an area under the receiver operating characteristic curve (AUC) of 0.77, compared to the Marshall score with an AUC of 0.67 [14] . Other studies found the Marshall score to be at least equal to that of the Rotterdam score, with both scores achieving an AUC of 0.85 [18] . Further studies may be needed to determine which scoring system is more predictive of mortality.
While CT scan during the acute post-TBI phase can be highly predictive of outcome, 38 % of patients with a normal CT scan have an unfavorable outcome [19] . This is particularly pertinent with regard to diffuse axonal injury (DAI). DAI typically occurs during high-speed impact trauma that generates rotational acceleration, causing axonal damage through the tearing or stretching of the axons. Initially, these patients exhibit minor lesions or even no lesion on CT, which cannot account for the severity of the clinical picture. There are three stages of DAI: Stage I includes involvement of the white-gray matter junction, stage II involves the corpus callosum, and stage III indicates involvement of the brain stem. Because both corpus callosum lesions and brain stem lesions are difficult to assess with CT scan, MRI is superior to CT in diagnosing DAI.
In addition to standard MRI, white matter damage, which is a key feature of TBI, can be identified and quantified with an MRI sequence known as diffusion tensor imaging (DTI). MRI DTI can show damage to critical areas such as the brain stem and corpus callosum, which correlate with poor prognosis. A prospective observational multicenter cohort study of 105 patients with TBI showed that the ability to assess the extent and severity of white matter injury using MRI DTI is a major predictor of outcome after severe TBI [20] . Neuroimaging findings from CT, MRI, and the newer MRI DTI are powerful tools to predict the outcome and end points of TBI resuscitation.
Monitoring the Injured Brain
Continuous monitoring of patients with severe TBI provides information to prevent and treat cerebral ischemia. Monitoring intracranial pressure (ICP) and cerebral perfusion pressure (CPP) is standard practice. Sustained elevations of ICP greater Source: Wijdicks et al. [6] than 20 mmHg or CPP less than 50-60 mmHg are linked with cerebral infarction, herniation, and death following TBI [21] . However, even when ICP and CPP are within normal limits, significant reductions in brain tissue oxygen pressure may occur, leading to worse outcomes [22] . As such, studies support the use of clinical tools to monitor brain tissue oxygen pressure. These tools include brain tissue oximetry, transcranial Doppler (TCD) ultrasound, microdialysis, and continuous electroenchephalography (cEEG). In addition to following ICP and CPP trends, brain tissue oxygenation (BtipO 2 ) may add information regarding end points of TBI resuscitation. By monitoring levels of BtipO 2 , it is hypothesized that CPP levels can be optimized on an individual basis [23] . After a TBI, the partial pressure of oxygen in brain tissue (PbrO 2 ) increases with elevations in CPP; this increase relative to an increase in arterial PO 2 is termed brain tissue oxygenation. Brain oxygen tension can be continuously measured with an invasive sensor probe, such as Clark-type electrode. Normal PbrO 2 ranges between 35 and 50 mmHg, suggesting that ischemic thresholds lie between 5 and 20 mmHg; the true cutoff level is still under investigation [23, 24] . As more studies show that using brain tissue oximetry in addition to ICP and CPP monitoring leads to better outcomes, the evidence to include brain tissue oximetry as a means to determine end point resuscitation in TBI is increasing [24] .
Studies have also shown that using TCD to monitoring cerebral blood flow is useful in measuring high pulsatility index, defined as the difference between systolic and diastolic blood flow velocities divided by the mean blood flow velocity. A high pulsatility index, in turn, is strongly associated with a worse outcome and higher mortality [25] . A prospective observational study of 24 patients with severe TBI found that the use of early TCD at the time of hospital admission allowed physicians to identify severely brain-injured patients with brain hypoperfusion and implement an early TCD goaldirected therapy to restore normal cerebral perfusion. The study postulates that this could lead to a decrease in the extent of secondary brain injury and may be used as an end point in TBI resuscitation [26] .
Microdialysis uses concentrations of pyruvate, glucose, glycerol, and lactate in the extracellular fluid to analyze focal brain biochemistry. Using microdialysis, a cohort study of 223 patients with severe TBI found that low brain extracellular glucose and elevated lactate-to-pyruvate ratio were independent predictors of mortality at 6 months [27] . A more recent SAH subarachnoid hemorrhage a Interpretation of Rotterdam score: The final score is the sum of the scoring items, associated with mortality at 6 months post injury of score 1=0 %, score 2=7 %, score 3=16 %, score 4=26 %, score 5=53 %, score 6=61 % but smaller study of 14 patients found that an increase in lactate glucose in CSF significantly correlates with an unfavorable outcome. Interestingly, the lactate-to-pyruvate ratio was not statistically significant [28] . Additional studies are needed to further validate these findings and the role of microdialysis. Seizures can result in hippocampal atrophy worsening the trauma-induced injury [29] . The use of cEEG shows that seizure activity and status epilepticus occur in a significant number of patients with severe TBI and are linked to a poor outcome. In a study of 94 patients who underwent cEEG monitoring, 21 patients had seizures; 100 % of patients with status epilepticus died [30] . Current guidelines recommend that patients with moderate to severe TBI be treated with 7 days of seizure prophylaxis [31] . Further research is needed to determine if early suppression of seizure activity may improve outcome after TBI.
Prognostic Models
Two TBI prognostic tools, the International Mission on Prognosis and Analysis of Clinical Trials in TBI (IMPACT) database models and the Corticosteroid Randomization after Significant Head Injury (CRASH) trial data models, were developed using multiple logistic regression models to predict functional outcomes after a TBI [32, 33] . The IMPACT models were developed from a database of 11 studies comprised of 8509 patients with moderate or severe TBI. In IMPACT, three models-the basic model, the core model, and the lab model-were developed for the prediction of mortality and unfavorable outcome, defined as death, vegetative state, and severe disability at 6 months (Table 3 ) [32] .
The CRASH models were developed from a database of 7526 patients with mild, moderate, or severe TBI. Two different models, the basic model and the extended model, were developed to predict mortality at 2 weeks after injury and unfavorable outcome at 6 months after injury (Table 3) . With an increased complexity, the extended model performed slightly superior to the basic model. Regardless of the model used, the three key predictors of outcome were age, GCS motor score, and pupillary reactivity [34••] . Both IMPACT and CRASH models were tested for external validation against five independent data sets, which found no relevant difference in performance between the IMPACT and CRASH models [34••] .
Using IMPACT data, the models' authors constructed a prognosis calculator in an attempt to predict the 6-month outcome in patients with moderate to severe TBI. The calculator uses variables from the lab IMPACT model [16] . A singlecenter study of 48 patients with severe TBI showed that the IMPACT prognosis calculator leads to an overestimation of mortality and unfavorable outcome with an absolute risk reduction for mortality of 13.6 % compared to using the IMPACT database alone [35] . It is thus recommended that the IMPACT prognosis calculator be used cautiously when predicting moderate to severe TBI outcome [35, 36] . SAH subarachnoid hemorrhage
The authors of the CRASH models also developed a calculator for the purposes of estimating an individual's outcome following severe TBI [17] . Similar to the IMPACT prognosis calculator, multiple studies found that the CRASH prognosis calculator overestimates the risk of unfavorable outcomes. These studies show that the calculator is only accurate for a risk level above 75 % for an unfavorable outcome; otherwise, the accuracy of the calculator is questionable [37] [38] [39] [40] . As such, some studies do not recommend using the CRASH calculator for individual treatment decisions.
The main differences between the IMPACT and CRASH models are the inclusion variables and the study population. The CRASH models include major extracranial injury as a predictor of outcome, while the IMPACT models do not. However, in an external review, the added prognostic effect of major extracranial injury was negligible, suggesting this difference to be relatively insignificant [34••] . In terms of the study population, the IMPACT models were developed using patients with moderate to severe TBI from high-income countries; the CRASH models included patients with mild to severe TBI in low-and middle-income countries (LMICs). As such, the CRASH models may be more preferable for patients with mild TBI or patients from LMICs.
Research Innovations: Biomarkers
Despite improvements in the management of patients with TBI and improved modalities to predict outcome, mortality and morbidity remain high. New prognostic tools, such as proteomic biomarkers, are currently being researched. The potential role of biomarkers is based on the concept that the extent of brain injury is determined by the severity of the primary mechanical injury and the consequences of secondary biomolecular injury. These biomolecular cascades, in turn, cause neuroinflammation, leading to cerebral edema, enhanced ICP, and delayed cellular damage [41] .
Cytokines are critical mediators of neuroinflammation after TBI. Inflammatory cytokines stimulate astrocytes, which increase neuroinflammation and secondary injury after trauma [41] . A prospective single-center study of 93 patients with GCS<9 following TBI found interleukin-10 (IL-10) to be an independent predictor of severe TBI prognosis. Elevated serum IL-10 correlated significantly with GCS severity and with hospital mortality in patients with severe TBI [42] .
Other studies show that serum levels of S100 beta protein and neuron-specific enolase, markers of glial and neuronal damage, respectively, correlate with TBI severity [43] [44] [45] . Thus, measuring the S100 beta protein could be useful in evaluating the severity of TBI and determining the long-term prognosis [46] . Biomarkers such as IL-10, S100, and enolase are still under investigation as questions remain regarding the optimal biochemical method, timing of the sample, and prognostic threshold.
Conclusions
In TBI, the purpose of accurate, accessible, and reliable prognostic tools is to inform treatment strategies and determine end points in resuscitation. In this review, we explored the role of clinical assessment, with particular reference to the role of the GSC and FOUR scores to predict poor outcome. We reviewed the role of CT scan and classification strategies that estimate poor outcomes. We also reviewed the role of MRI in settings such as DAI. We discussed the current limitations of continuous monitoring tools including ICP and CPP and proposed how newer technologies such as brain tissue oximetry, TCD ultrasound, microdialysis, and cEE may be useful in assessing brain tissue oxygen pressure as a marker of poor outcomes. We described the IMPACT and CRASH prognostic models and reviewed the evidence that shows that both the IMPACT and CRASH prognostic calculators should be used with caution, as they can overestimate a poor outcome in the individual patients. Finally, we described future areas of research, such as the role of IL-10 and S100 beta protein biomarkers. Yet, these existing methods to predict end points of resuscitation and recovery after severe TBI still lack accuracy. Further research will be key to developing new treatments and diagnostic tools to better understand the etiology and prognosis of TBI and ultimately lead to improved mortality and morbidity. Human and Animal Rights and Informed Consent This article does not contain any studies with human or animal subjects performed by any of the authors.
